A circadian clock, located in the suprachiasmatic nucleus of the mammalian hypothalamus, plays a central role in generating and synchronizing daily rhythms in behavior and physiology (Klein et al., 1991) . Disturbances in circadian timing can lead to major alterations in sleep-wakefulness patterns and Abstract The proinflammatory cytokine interferon (IFN-γ) is an immunomodulatory molecule released by immune cells. It was originally described as an antiviral agent but can also affect functions in the nervous system including circadian activity of the principal mammalian circadian pacemaker, the suprachiasmatic nucleus. IFN-γ and the synergistically acting cytokine tumor necrosis factor-α acutely decrease spontaneous excitatory postsynaptic activity and alter spiking activity in tissue preparations of the SCN. Because IFN-γ can be released chronically during infections, the authors studied the long-term effects of IFN-γ on SCN neurons by treating dispersed rat SCN cultures with IFN-γ over a 4-week period. They analyzed the effect of the treatment on the spontaneous spiking pattern and rhythmic expression of the "clock gene," Period 1. They found that cytokine-treated cells exhibited a lower average spiking frequency and displayed a more irregular firing pattern when compared with controls. Furthermore, long-term treatment with IFN-γ in cultures obtained from a transgenic Per1-luciferase rat significantly reduced the Per1-luc rhythm amplitude in individual SCN neurons. These results show that IFN-γ can alter the electrical properties and circadian clock gene expression in SCN neurons. The authors hypothesize that IFN-γ can modulate circadian output, which may be associated with sleep and rhythm disturbances observed in certain infections and in aging.
impairments of physical and cognitive performance. Such disturbances arise during a number of diseases including certain infections and immune-mediated disorders of the brain, and also during aging (Huang et al., 2002; Bliwise, 2004; Lundkvist et al., 2004; Han et al., 2006) . In these conditions, inflammatory cytokines play an important pathogenic role but information is lacking about the precise mechanisms by which these molecules affect circadian timing and, in particular, whether or not they act directly on the SCN. There is some evidence, however, that interferons (IFN)-α and -γ, which are cytokines originally defined because of their antiviral action, can alter the expression of "clock genes" in the SCN and liver, affect locomotor activity, and alter rhythmic vasopressin release (Ohdo et al., 2001; Koyanagi and Ohdo, 2002; Boggio et al., 2003) . Interestingly, IFN-γ receptors have been localized to the ventrolateral SCN and they display a diurnal rhythm in expression with highest levels during early night (Lundkvist et al., 1998; Lundkvist et al., 1999) , at approximately the same phase at which interferon alters clock gene expression in the SCN and liver (Ohdo et al., 2001) .
Because IFN-γ is involved in certain chronic or latent infections in the brain, we have focused on the potential effects of this proinflammatory cytokine on the circadian timing system. Previously, it was reported that exposure of IFN-γ and tumor necrosis factor (TNF)-α in acute slice preparations of the rat SCN altered electrical and synaptic activity (Lundkvist et al., 2002) . However, it is not known what effects long-term exposure of cytokines has on SCN function. For instance, increased levels of cytokines, in particular, IFN-γ, are correlated to the progression of sleeping sickness (Radomski et al., 1994) , caused by the extracellular parasite Trypanosoma brucei. In an experimental model of sleeping sickness, rats begin to exhibit a fragmented sleep-wake pattern approximately 3 to 4 weeks after infection (Grassi-Zucconi et al., 1995; Grassi-Zucconi et al., 1996) . To examine the long-term effects of IFN-γ exposure on SCN neurons, we studied dispersed SCN cultures after 4-week treatments of this cytokine. We now report that chronic exposure of IFN-γ can modulate circadian clock functions by altering electrical activity as well as expression of Period (Per) 1 in single SCN neurons.
MATERIAL AND METHODS

Animals
A transgenic Per1-luciferase (luc) rat colony [W(per1)1] maintained at the department of Biology, University of Virginia, was used for the experiments. The rats were housed in a 12:12 h light:dark cycle with continuous access to food and water. Animal use was conducted in accordance with the recommendations of the Animal Care and Use Committee at the University of Virginia.
Dispersed Cell Culture
Our dispersal procedure has been modified from Banker and Goslin (1991) . The brains from six 3-to 7day-old Per1-luc transgenic rat pups (from the same mother) were removed and sliced simultaneously with a tissue chopper. One or two coronal sections (275 μM thick) of the hypothalamus were selected, and the SCN were sampled with a 440 μM diameter punch. The tissues were incubated with papain enzyme solution at 35 °C for 30 min, and the cells were dissociated by gentle trituration and dispersed on cover slips (glass or Thermanox) coated with laminin (5.8 μg/cover slip; Roche, Nutley, NJ) and poly-D-lysine (0.02 mg/ml; P6407, Sigma-Aldrich, St. Louis, MO). Cells were allowed to attach for 40 to 60 min while maintained at 37 °C in a CO 2 incubator. Culture medium was then added to the culture dishes, which were placed in a CO 2 incubator (Tritech Research Digi Therm, Los Angeles, CA) with a 12:12 h 37 °C:35 °C temperature cycle (with 0.1 °C precision). From 6 rat pups, 18 culture dishes (9 control, 9 drug treatment) were obtained. A total of 56 pups were used in the study. Each culture dish contained 1000 to 6000 cells (1000-3000 for electrical activity, 3000-6000 for Per1-luc luminescence recording). Half of the culture medium (containing Dulbecco's modified Eagle's medium and Sigma-Aldrich 2902, 1× B27, 44 mM NaHCO 3 , 20 mM D-glucose, 25U/ml penicillin, 25 μg/ml streptomycin, phenol red 45 μM, pH 7.2-7.3, osmolarity 290 mOsm) was exchanged 3 times a week. The cultures were maintained in a temperature cycle until electrophysiological or bioluminescence recordings were performed. Cultures used for Per1-luc luminescence recording were transferred to constant conditions (37 °C) at the first day of recording, and the medium was replaced with an airbuffered medium, containing 10 mM hepes and 5% fetal bovine serum instead of NaHCO 3 and B27 without phenol red.
Immunohistochemistry
For immunolabeling, the cultures were washed in 0.01 M PBS and fixed in 4% paraformaldehyde with 4% sucrose in PBS for 15 min at room temperature. After rinsing twice in PBS for 5 min, they were preincubated in PBS with 5% bovine serum albumin (BSA) and 0.3% Triton X-100 (Sigma-Aldrich) for 1 h at room temperature, rinsed twice with PBS, and then incubated with primary antibodies diluted in PBS with 1% BSA, 0.3% Triton X-100, and 0.01 M NaAzide (Sigma-Aldrich) for 3 h at room temperature or 4 °C overnight and finally rinsed twice in PBS. This was followed by incubation with secondary antibodies (Cy2 and Cy3; Jackson ImmunoResearch Laboratories, West Grove, PA) diluted in PBS with 1% BSA, 0.3% Triton X-100, and 0.01 M NaAzide, for 1 h at room temperature. Cultures were mounted in 98% glycerol (Prolabo, Fontenay S/Bois, France) or in glycerin with 2.5% 1,4-diazabicyclo [2.2.2]octane (Sigma-Aldrich). The monoclonal mouse anti-TUJ1 (1:250; BAbCO, Berkeley, CA) was used as a marker for neurons, and the mouse monoclonal antibody to glial fibrillary acidic protein (GFAP, 1:50; Boehringer Mannheim GmbH, Mannheim, Germany) was used as a marker for astrocytes.
Drugs
Cytokine drugs were solubilized in buffer to make stock solutions (IFN-γ 1000 U/μl; TNF-α 200 U/μl; LPS 1 μg/ml). For exposure, 2, 3, or 15 μL, respectively, of drug stock solution or control buffer was diluted in 3 mL fresh, conditioned cell culture medium. The SCN cultures were exposed to control buffer (5 mM Tris and 100 mM NaCl) or IFN-γ (1000 U/ml, Peprotech, London, UK) or IFN-γ (1000 U/ml), TNF-α (70 U/ml, Peprotech), and LPS (5 ng/ml; Sigma-Aldrich) during 4 weeks. The treatment was given 3 times per week, in combination with medium exchange. Each time, half the medium volume (0.6 mL) was exchanged with fresh, conditioned medium containing either drug or control buffer. The total volume of medium in culture dishes was always maintained at 1.2 mL.
Extracellular Recordings
The culture dishes were mounted and cells were visualized with an inverted phase contrast microscope (Nikon instruments, New York, NY). The medium was replaced with a physiological solution containing (in mM): 0.81 MgSO 4 , 5.37 KCl, 1.8 CaCl 2 , 110 NaCl, 0.79 NaH 2 PO 4 , 10.0 HEPES, 4.19 NaHCO 3 , and 25.0 Dglucose. Osmolarity and pH were adjusted to 290-300 mOsm and 7.3, respectively. Patch clamp pipettes for cell-attached recordings (resistance 3-6 MΩ) were filled with extracellular solution. The electrodes were advanced with slightly positive internal pressure. Gigaseal formation was achieved by monitoring changes in current responses to voltage pulses. Extracellular signals were recorded in cell-attached mode for 5 min; the first 2 min were discarded, and the last 3 min were used for analysis. Data acquisition was performed using pClamp 8.0 software (Axon Instruments/Molecular Devices, Sunnyvale, CA). In one set of experiment bicuculline (50 μM) was added to the extracellular medium after access to the whole cell and the effect on spiking activity was recorded.
Analysis of Extracellular Signals
Spikes from each cell were monitored and recorded after gigaseal formation. Each extracellular event that had amplitude larger than 3 standard deviations of the noise level was selected during a 3-min interval (software written by Dr. Kwak and double checked using Mini-Analysis software ver 6.0.1, Synaptosoft, Decatur, GA). Interspike intervals (ISIs) were obtained to analyze spiking frequency and spiking regularity. Spiking regularity was determined by calculating skewness (ratio of the area above and below the mean in the ISI histogram) and calculating the coefficient of variation (CV; the standard deviation divided by the mean of ISIs).
Cell Population Luminescence Recording
Bioluminescence from cell-dispersed cultures treated with control buffer or IFN-γ was measured with photomultiplier tube (PMT) detector assemblies (HC135-11 MOD; Hamamatsu, Shizuoka, Japan). Bioluminescence from control and treated cultures was recorded at the same time. The photomultiplier modules and cultures were maintained in a light-free incubator at a constant temperature of 37 °C and interfaced with a personal computer for continuous data acquisition. The PMTs were positioned ~1 cm above the cultures. Photon counts of whole dishes were made through the glass coverslip and integrated over 1-min intervals (Yamazaki et al., 2000) .
Single-Cell Luminescence Recording
For measuring luminescence from single neurons, we employed a sensitive ICCD camera (xr/mega-10z model, Stanford Photonics, Palo Alto, CA). Photon counts of single cells were obtained using a similar method to PMT recordings; however, the glass bottom dishes (MatTek, Ashland, MA) were mounted on an inverted microscope (Olympus, Center Valley, PA) and the data evaluated using Pipeline software (ver. 1.3.3; Stanford Photonics). The 1-min intervals were integrated over 10-min intervals after recording was completed, using Pipeline software for analysis of the period and amplitude of individual neurons.
Analysis of Luminescence Data
For analysis, luminescence data were integrated for 1 (PMT) or 10 (single-cell camera) min and averaged over a 3-h moving window to reduce the noise fluctuations. The data were de-trended using a 24-h moving average to remove the long-term trend. Peak luminescence (i.e., local maximum value in 24-h range) and the free-running period (i.e., time between 2 successive peaks) were calculated. Mean periods were calculated between all peaks. The amplitude of maximum expression was determined by measuring the height of the peak with respect to a baseline interpolated from the 2 circadian minima that straddled the peak. The Rayleigh plot and Rao's spacing test for synchrony of phase was accomplished using Oriana software (ver. 2.02c; Kovach computing services, Anglesey, UK).
Statistical Analysis
We first checked the normality of all data of distributions for every data set using Shapiro-Wilk normality test in OriginPro software (ver. 7.0383; OriginLab, Northampton, MA). If the set did not exhibit a normal distribution (at 0.05 level) but the log transformed data did, we used the data to compare the statistical difference of mean values of the data sets through unpaired t test, ANOVA, and Sheffe's test (for post hoc) using OriginPro. Each value was expressed as mean ± standard error of the mean.
Cell Count
To estimate cell survival, control and cytokinetreated neurons were counted at the 2nd, 3rd, and 4th weeks. The cultures were visualized with an Olympus IX70 microscope at 100× magnification, and cells were counted in the same center area (420 × 420 μM) of the culture dishes. Figure 1A shows a typical dispersed culture containing SCN neurons (red) and low concentrations of differentiated glia (green). We entrained cultures using a daily 2 °C temperature cycle, which is within the physiological range of changes in brain temperature in vivo (12:12 h 37:35 °C; Herzog and Huckfeldt, 2003) . After 2 or more weeks in the temperature cycle, spontaneous electrical activity was recorded in cell-attached mode at 2 different time intervals, ZT 4-8 and ZT 16-20 (where ZT 0 was defined as the onset of 37 °C). The average spiking frequency was significantly higher (p < 0.05) at ZT 4-8 (1.30 ± 0.19 Hz; n = 29, from 4 culture dishes) as compared with ZT 16-20 (0.41 ± 0.10 Hz; n = 11, from 3 culture dishes), demonstrating that SCN neurons were entrained to the temperature cycle ( Figure 1B) . Confirmation that we could entrain SCN cultures to temperature cycles was important in that it allowed us to make measurements at the same phase, avoiding the increased variability that would inevitably occur if cells were measured at different phases within their circadian cycle.
RESULTS
Entrainment of Dispersed SCN Cultures by Daily Temperature Cycles
IFN-γ γ Treatment Alters Spiking Activity in SCN Neurons
Spontaneous action potentials were recorded between ZT 5-9 in thermocycle-entrained SCN cultures treated with IFN-γ for 2 days, 2 weeks, or 4 weeks and then analyzed and compared with cultures treated with control buffer. We found that the spiking activity in IFN-γ-treated cultures was initially increased as compared to controls, but decreased after 4 weeks of treatment. Cell survival after 4 weeks compared to after 2 weeks was 91.3% ± 3.47% in 3 control cultures and 95.1% ± 2.49% in 3 IFN-γ-treated cultures.
After 2 days' treatment, IFN-γ cultures expressed an average firing rate of 5.18 ± 0.61 Hz (n = 13, from 2 dishes) and control cultures 2.69 ± 0.53 Hz (n = 9, from 2 dishes; p < 0.05). After 2 weeks, IFN-γ cultures expressed an average firing rate of 2.90 ± 0.81 Hz (n = 11, from 2 dishes) and control cultures 1.05 ± 0.11 Hz (n = 10, from 2 dishes; p < 0.05). After 4 weeks of treatment, the mean spiking frequency was decreased significantly (0.86 ± 0.06 Hz; n = 108, from 6 cultures dishes) as compared with controls (1.31 ± 0.10 Hz; n = 117, from 6 culture dishes; p < 0.05). Because our primary interest was to examine longterm effects of IFN-γ in order to mimic a chronic infection, we thereafter focused on treating cells with cytokines during a 4-week period. The following experiments were performed according to the 4week cytokine treatment protocol.
To further analyze the spiking activity after longterm treatment with IFN-γ, we compared the relative regularity of the spiking pattern by analyzing the CV and skewness. Both CV and skewness were significantly higher in IFN-γ-treated neurons (0.51 ± 0.03, p < 0.05; 1.15 ± 0.06 Hz) as compared with controls (0.40 ± 0.02; 0.20 ± 0.03; p < 0.05; Figure 2) , demonstrating a less active and more irregular spiking pattern in the IFN-γtreated cultures.
IFN-γ acts in synergy with TNF-α and is induced by bacterial lipopolysaccharide (LPS). Because of this relationship as well as the fact that IFN-γ together with TNF-α and LPS acutely reduces postsynaptic activity in SCN slices (Lundkvist et al., 2002) , we also treated cultures according to the same protocol with a cytokine "cocktail" containing IFN-γ, TNF-α, and LPS (n = 107, from 6 culture dishes). As in the IFN-γtreated cultures, the cocktail significantly decreased spiking frequency (0.84 ± 0.06 Hz; p < 0.05) and increased CV (0.53 ± 0.04; p < 0.05) and skewness values (1.10 ± 0.22; p < 0.05). No significant difference in frequency/ISI, CV, and skewness was found between IFN-γ and cocktail-treated cultures, indicating that TNF-α and LPS did not enhance the long-term effect of IFN-γ ( Figure 2 ).
Spontaneous Spiking Activity Is Not Affected When GABAergic Postsynaptic Activity Is Blocked
Postsynaptic activity in primary SCN cultures has previously been identified as primarily GABAergic (Welsh et al., 1995) . To determine whether GABAergic synaptic activity is responsible for cytokine-induced changes in spontaneous spiking frequency and pattern (Figure 2) , we applied the GABA A receptor antagonist bicuculline to SCN control cultures and cultures treated 4 weeks with IFN-γ and recorded spontaneous action potentials. Bicuculline did not have any significant effect on frequency, CV, and skewness in control (n = 12, from 4 culture dishes; Figure 3A) or IFN-γ-treated cultures (n = 6, from 2 culture dishes; Figure 3B ).
IFN-γ γ Reduces the Amplitude of the Per1-luciferase Rhythm
We next asked if IFN-γ can affect clock gene expression. To assess the Per1 rhythm, we recorded Per1-luc luminescence in populations of SCN dispersals treated with control buffer or IFN-γ and compared period and amplitude of the Per1-luc rhythm in the 2 groups. Figure 4A shows examples of Per1-luc rhythms in a control culture and an IFN-γ-treated culture. We found that the rhythm amplitude ( Figure 4B ) was significantly (p < 0.01) lower in 6 cultures treated with IFN-γ (217 ± 22 counts/10 min) as compared with 6 cultures treated with control buffer (722 ± 108 counts/10 min). We found no significant effect on the free-running period ( Figure 4B ; control 25.24 ± 0.45 h; IFN-γ 25.16 ± 0.80 h).
To evaluate whether the IFN-γ-induced reduction of Per1-luc luminescence was caused by altered rhythm coherence in the cell culture or by alterations of the Per1-luc rhythms in individual neurons, we recorded Per1-luc luminescence in single neurons. Figure 5A shows snapshots of Per1-luc luminescence in SCN cultures at 12-h intervals. The single neurons showed rhythmic expression of Per1-luc in both control ( Figure 5B ) and IFN-γ-treated ( Figure 5C ) conditions; however, the average amplitude of the individual Per1-luc rhythms was significantly (p < 0.01) lower in IFN-γ-treated cultures (3.78 ± 0.18 counts/10 min; n = 75, from 2 culture dishes) as compared with controls (6.88 ± 0.34 counts/10 min; n = 91, from 2 culture dishes; Figure  5D ). As in whole population recordings, the periods in single neurons did not differ significantly between the 2 groups (control 25.17 ± 0.12 h, n = 106, from 2 culture dishes; IFN-γ 25.72 ± 0.18 h, n = 85, from 2 culture dishes; Figure 5D ). We also calculated the phase relationships of the peak distributions in the 2 groups. At the first day of recording, the peak distributions of the neurons were clustered and showed strong coherence in both control (r = 0.417, p < 0.01) and IFN-γ-treated (r = 0.418, p < 0.01) conditions. At the second day, the coherence was significantly reduced, but at days 3 and 4, a similar level of coherence was exhibited (control r = 0.242, p < 0.05, INF-γ r = 0.18, p < 0.10; Figure 5E ), suggesting that the oscillator neurons in both the control and treated conditions may have maintained some weak coupling. Confirmation of weak coupling under control and experimental conditions would have required recordings of significantly longer duration than occurred in this experiment. The first day's strong synchrony, most likely, was derived from the temperature entrainment in the culture incubator.
DISCUSSION
Our data demonstrate that long-term treatment with a proinflammatory cytokine, IFN-γ, modulates electrical properties and circadian gene expression in SCN neurons. We found that a 4-week cytokine treatment did not affect cell survival but reduced spiking frequency and regularity. IFN-γ treatment also reduced the amplitude but not the free-running period of the circadian rhythm of Per1luc expression in individual SCN neurons. 
IFN-γ γ Modulates the Spiking Pattern
The decrease in spiking frequency after 4 weeks treatment was preceded by an increase in spiking frequency measured after 2 days and 2 weeks of treatment. This temporal activity profile is similar to previous observations in hippocampal cultures (Vikman et al., 2001) , where an increase of synaptic activity over controls was observed after 2 days of IFNγ treatment, which reduced to pretreatment levels by 2 weeks. At 4 weeks in culture, there was a significant reduction in synaptic activity and an associated reduction in the expression of AMPA receptors. The authors speculate that the transient increase in synaptic activity may be associated with a transient increase in nitric oxide release. Thus, in both hippocampal and SCN cultures, the long-term effects of IFN-γ on electrical properties share a similar time course with the progression of diseases such as sleeping sickness where proinflammatory cytokines have been implicated in the progression of the disease.
IFN-γ γ May Alter Membrane Properties
We believe that the reduction in spiking activity after 4 weeks of treatment was caused by either synaptic alterations or changes in membrane properties. Because synaptic currents in dispersed SCN neurons have been identified as primarily GABAergic (Welsh et al., 1995) , we considered it unlikely that the observed IFN-γ cytokine-induced change in spiking frequency is dependent on glutamatergic synaptic activity. We therefore added the GABA A receptor antagonist bicuculline to control and treated cultures and measured the effect on spiking. In contrast to findings in SCN slice preparations (Kononenko and Dudek, 2004 ), no effect on spontaneous spiking frequency or regularity was observed after bicuculline treatment of dispersed SCN cultures, suggesting that GABAergic synaptic activity did not influence spontaneous spiking activity in control or IFN-γ-treated neurons. This leads us to believe that cytokine-induced changes in spiking frequency and regularity are not dependent on GABAergic synaptic activity.
We observed that the regularity in the timing of spikes was decreased after cytokine treatment. Consistent with our findings, it has been demonstrated that SCN neurons with lower firing rate have a more irregular spiking pattern (Kim and Dudek, 1993; Kononenko and Dudek, 2004) . Although we did not examine membrane properties in this study, we speculate that the observed effects caused by cytokine treatment may reflect alterations in ion channel properties.
Changes in expression or function of K + channels, Ca 2+dependent K + channels, or Ca 2+ channels can alter the duration and shape of the afterhyperpolarization and repolarization of the action potential, which results in altered spiking frequency (Cloues and Sather, 2003; Itri et al., 2005) . IFN-γ induces release of nitric oxide (NO; Kamijo et al., 1993) , which in addition to affecting neurotransmitter release, can act as a modulator of neuronal activity by affecting K + channels and Ca 2+dependent K + channels (Prast and Philippu, 2001) . For instance, it has been reported that NO either increases or decreases the delayed rectifier K + channel current in neocortical neuronal cultures, depending on the NO concentration (Han et al., 2006) .
IFN-γ γ Modulates Clock Gene Expression
Our data show that long-term treatment with IFNγ modulates not only the electrical activity of SCN neurons but also circadian gene expression. The amplitude of the Per1-luc rhythm was significantly reduced by IFN-γ both in whole cell populations and in individual neurons. In contrast, IFN-γ did not influence the period of the Per1 rhythm (Figures 4 &  5D) . The reduced amplitude in the population could be due to decreased synchrony between neurons. However, even in single neurons, the Per1-luc rhythm amplitude was significantly reduced. Thus, we believe that the reduction in amplitude of the population rhythm was due to the reduction in the amplitude of the rhythm in individual neurons.
It has previously been reported that IFN-α and IFNγ reduce the expression levels of clock gene mRNAs and proteins in the SCN and liver in vivo (Ohdo et al., 2001; Koyanagi and Ohdo, 2002) . However, it is not clear if IFN-γ primarily affects clock gene expression and thereby indirectly alters spiking and postsynaptic activities, or vice versa. Kuhlman and coworkers reported that induction of Per1 in the SCN by light causes a prompt increase in spiking activity (Kuhlman et al., 2003) . This suggests that the IFN-γ-triggered decrease in Per1 expression could lead to decreased spiking and postsynaptic activity. Alternatively, the decreased Per1 expression may be a result of altered electrical properties. Silencing of electrical activity inhibits circadian clock gene expression in Drosophila as well as in the SCN (Nitabach et al., 2002; Yamaguchi et al., 2003) , and a reduced membrane flux of Ca 2+ circadian rhythmicity of Per1 and PER2 in SCN explants (Lundkvist et al., 2005) . Given that the interaction between electrical activity and clock gene expression may be bidirectional, the alterations in Per1 expression caused by IFN-γ treatment are either the result of changes in electrical activity or vice versa.
CONCLUDING REMARKS
IFN-γ decreased the amplitude of circadian clock gene expression and altered the electrical activity of individual SCN neurons. Our results strongly suggest that IFN-γ can modulate circadian rhythmicity in individual clock neurons. As electrical activity appears to be an important output from the clock driving other circadian rhythms (Schwartz et al., 1987; Arima et al., 2002; Kuhlman and McMahon, 2006) , we speculate that such changes could play a major role in the development of disturbances in clock-related behaviors, such as a fragmentation of the sleep-wake cycle, observed in conditions associated with increased release of this cytokine.
